Bulk samples of Fe-25 at.% Ge peritectic alloy are undercooled up to 260 K using electromagnetic levitation technique. The growth rate of the primary phase is measured using a capacitance proximity sensor technique. Solidification microstructure is studied as a function of undercooling. The microstructure of samples at low undercoolings consists of a residual primary phase a 2 , peritectic phase e and inter-dendritic e-b eutectic. Microstructure at higher undercoolings is nearly phase-pure e. Time resolved diffraction analysis of the levitated droplets using synchrotron radiation indicates the nucleation of primary a 2 in all cases. The growth rate is analysed using current theories to explain the experimental observations. Interfacial undercooling is found to play an important role in the growth kinetics. Our results also suggest suppression of peritectic reaction.
Introduction
Solidification of undercooled melts enables study of crystal growth phenomena under non-equilibrium conditions. Deviation of chemical equilibrium at the solid-liquid interface and kinetic undercooling play significant roles in metastable phase formation [1] .
The binary system Fe-Ge ( Fig. 1 ) [2] comprises several critical points and order-disorder phase transitions. However, studies on this system are limited [3] [4] [5] . The intermetallic phase Fe 3 Ge is of interest for its mechanical properties [6, 7] . The alloy composition chosen for the study is indicated by an arrow in Fig. 1 [2] . According to the equilibrium phase diagram, the alloy composition chosen undergoes a peritectic reaction, namely, L + a 2 ! e. The alloy solidifies with nucleation of ordered phase a 2 (B2) that reacts with the remaining liquid to form the peritectic ordered phase e(DO 19 ). Peritectic reaction is controlled by diffusion across the product phase and usually does not proceed to completion and leads to a phase mixture in the final microstructure [8] .
The e-phase is dimorphic and the transformation from e ! e 0 (L1 2 ) is sluggish [9] . Attention is also drawn to the eutectic reaction L ! e + b close to the composition chosen for this study. Rapid solidification using the undercooling technique provides a possibility for suppressing the peritectic reaction and solute partitioning to obtain phase pure e [5] . Further, the sluggish nature of the transformation e ! e 0 can enable the metastable e to be retained at room temperature. The present study is aimed at determining quantitatively the kinetics of primary solidification and the evolution of microstructure as a function of undercooling to understand the solidification behaviour of alloys with large solute concentration and ordering tendencies in solid state.
Experiments
The experiments were carried out using an electromagnetic levitation facility [10] . Samples of nominal composition Fe 75 Ge 25 were prepared from elemental components of purity better than 99.99% using an arc furnace. Each sample of about 1.1 g weight and 6-8 mm in diameter was inserted into the levitation coil in the chamber and held using an alumina sample holder. The chamber was evacuated to a pressure of 10 À6 mbar and refilled to 10 3 mbar pressure using a protective gas (He + 5 vol.% H 2 ) of 99.9999% purity. After the sample was levitated, the sample holder was withdrawn to keep the sample in a containerless environment. The sample was heated by induction to temperatures above the liquidus, held for few minutes to homogenize it and then undercooled by blowing the protective gas on to the sample. The temperature was measured using a two-colour pyrometer with an accuracy of ±5 K and a measurement frequency of 100 Hz.
A typical cooling and heating cycle is shown in Fig. 2 . The cooling rate achieved by blowing gas was about 10 K/s. The solidification of undercooled sample was stimulated by touching the sample at the bottom using a needle of 99.99% Fe at a predetermined temperature (T N ). The bulk undercooling (DT) achieved the difference between the liquidus (T L ) and the nucleation temperature (T N ). The sudden rise in temperature signal (indicated in the figure by an arrow and labelled ''1st'') detected by the pyrometer indicates the release of latent heat due to solidification and is termed ''recalescence''. A second such signal (labelled ''2nd'') is due to the formation of e phase. The second signal is usually weak and is often difficult to distinguish from the undulations in the pyrometer signal. The temperature of the last liquid to solidify, i.e., solidus/eutectic, is also indicated (T eu ). The time spent by the sample between T N and T eu is referred to as the plateau duration (t p ).
The trigger needle is also part of a capacitance proximity sensor (CPS) [11] that produces a distinct voltage signal coinciding with the triggering event. The end of solidification was detected by a photodiode that observes the sample from the top. The time resolved voltage signals from the CPS and photodiode, both of accuracy better than 10 ls, were measured by a 400-MHz digital oscilloscope. The time difference between the two signals gives the total solidification time. Complete details of the growth rate measurement setup are provided elsewhere [12] . Samples were solidified at different undercoolings as described above and cooled off with the protective gas to room temperature and taken out for characterization.
As-solidified samples were sectioned for further characterization using X-ray diffraction (XRD), optical microscopy (OM, Olympus), scanning electron microscopy (SEM, LEO1530VP) equipped with a field emission gun, energy dispersive X-rays (EDS, Oxford) and transmission electron microscopy (TEM, JEOL 2000 FXII). XRD was performed using Fe Ka radiation with a wavelength of k = 0.1937 nm. SEM was performed using backscattered electron imaging. EDS was used to identify individual phases in the microstructure by their chemical compositions. The ordered nature of the phases could be confirmed only by TEM as the super lattice peaks were too weak to be detected using XRD.
Phase selection during solidification of undercooled Fe-Ge melts was also investigated by in situ diffraction with synchrotron radiation at the beamline ID15A of European Synchrotron Radiation Facility (ESRF), Grenoble, France. The experimental setup used is similar to that described above and is described elsewhere [13] . At a given angle with respect to the incident beam, energy dispersive, time resolved spectra were collected at time intervals of 3.5 s during several thermal cycles to capture the temporal evolution of phases during the undercooling process.
Results and discussion

Characterization
XRD patterns taken from samples solidified at different undercoolings (DT) are plotted in Fig. 3 . Samples corresponding to low undercoolings exhibit a phase mixture of all three phases, namely, a 2 , e and b. Samples solidified at undercoolings above 110 K contain predominantly e phase. The content of other phases is negligible within the detectable limit using XRD. The strong texture noticeable in the patterns is expected since triggered solidification of undercooled melts is directional.
The cooling rate essentially controls the time spent by the sample between the primary recalescence and the solidus/eutectic temperature (plateau time) during which a liquid phase exists. Karma [14] studied the effect of plateau time on the dendrite fragmentation and grain refinement. These studies are based on the observation that the average grain size is comparable to the dendrite trunk radius. Quantitative estimates of dendrite fragmentation require corroboration with the experimentally observed grain size. Since the primary phase undergoes a peritectic transformation in the present system, such a study does not come under the scope of present work. Preliminary experiments performed by dropping the sample onto a copper block indicated that the microstructure is not significantly different from that of the samples cooled off using gas. Fig. 4 shows microstructures of samples solidified at different undercoolings. In the samples solidified at low undercoolings, the phase mixture consists of residual a 2 phase at the center of the dendrite, e phase surrounding the a 2 phase and inter-dendritic eÀb eutectic. The phases have been identified by their compositions as indicated in Fig.  4 (a) and confirmed by TEM as detailed below in this section. The morphology of the phases is typical of a peritectic reaction [7] . The reaction L + a 2 ! e indicates that the e phase must nucleate at the a 2 (dendrite)-L interface and propagate to consume the a 2 phase. The interface of residual a 2 -e interface is also concave inwards to the centre of the dendrite. The presence of a eutectic reaction L ! e + b in the phase diagram close to the present alloy composition indicates the possibility that inter-dendritic liquid solidifies into e-b eutectic. The morphological appearance of the phases in the microstructure confirms such a typical solidification path.
In the samples solidified at higher undercooling, the microstructure consists predominantly of e-phase. The peritectic phase morphology described above could not be observed in any of the samples of high undercoolings ()110 K). Minute traces of b phase outlining the original dendritic microstructure and occasionally traces of a 2 at the centre of the e phase could, however, be detected. Samples solidified at undercoolings near and above 160 K contained only e-phase. The microstructure also reveals a faceted appearance upon deep etching (not shown here). 3.1.1. Transmission electron microscopy TEM was performed on both non-levitated (as-cast) as well as levitated samples solidified after low as well as high undercoolings. Fig. 5(a) shows the bright field images taken at low magnification. The selected area diffraction taken with the ½1 1 0 0 zone axis shows that the final phase is ordered DO 19 phase which is metastable at room temperature. A dark field image (Fig. 5(c) ) taken using a fundamental reflection ½2 2 4 0 shows a network of super-dislocations and no domain structure. However, the dark field image (Fig. 5(d) ) taken with a super-lattice reflection ½1 1 2 0 shows fine anti-phase domains. The analysis performed on the as-cast alloys (not shown here) show that there is no anti-phase domain formation in the e phase. Fig. 6(a) shows the trace amounts of a 2 that could be detected at the centre of e phase. The corresponding selected area diffraction patterns for a 2 phase (top) and e phase (bottom) are shown in Fig. 6(b) . Dark field image of a 2 phase taken using (1 0 0) reflection shown in Fig.  6 (c) shows that there are no anti-phase domains within a 2 phase. This indicates that a 2 solidified primarily as an ordered (B2) phase. The inter-dendritic eutectic has also been confirmed to be between b and e. Fig. 6(d) shows bright field image of eutectic of sample undercooled to 116 K. The corresponding SAD patterns of e and b phase are shown in inset 1 and inset 2, respectively. Fig. 6(e) shows the dark field image taken [2 0 2 0] e reflection, lighting up e lamella. One can also observe the faceted b phase.
In situ diffraction
Time resolved diffraction was performed to obtain the synchrotron spectra as a function of temperature during heating and cooling cycles of the sample. A total of 20 thermal cycles with undercoolings varying from 13 to 193 K indicate a constant and reproducible sequence of phase formation. A typical thermal cycle and the synchrotron spectra taken during the solidification are shown in Fig. 7 . The first recalescence (sudden increase in temperature) corresponds to the appearance of a 2 phase and the bulk undercooling experienced by the liquid is 193 K. The spectra taken following this cycle show that the appearance of e phase coincides with a change of slope (termed here, the second recalescence). The second recalescence (indicated in Fig. 7 by an arrow) is weak and can be easily mistaken for part of the minor jumps in the pyrometer signal caused due to sample motion and oscillations. Time resolved spectra make the identification of the first appearance of e phase possible. At temperatures far below the second recalescence, the spectra shows peaks of only the e phase. This study confirms that the primary phase to form is a 2 even at undercoolings larger than 110 K. The time gap between the two recalescence events is about 6 s here. This time gap between the two recalescence events depends on the flow rate of the protective gas used for cooling, the RF power as well as the undercooling and is found to vary typically between 2 and 12 s.
Growth rate measurement
The growth rate of the primary phase a 2 measured using the CPS technique is plotted as a function of undercooling (DT) in Fig. 8 . The growth rate is sluggish ($0.25 m s À1 ) up to about DT = 110 K and then increases steadily to nearly 1.5 m s À1 at an undercooling of 200 K. The solidification time (time taken by the solidification front to sweep from the nucleation point at the bottom to the top of the sample) is 4-25 m s. This value is nearly two orders of magnitude smaller than the time delay between the two recalescence events corresponding to appearance of a 2 and e. Hence, the measurement of growth rate corresponds completely to the primary phase a 2 . The error in the measurement of growth rate is estimated to be a maximum of 10% at all the undercoolings and is indicated by the error bars in the Fig. 8 .
The following analysis presents an attempt to explain the experimentally measured growth rate within the scope of existing theories. The bulk composition of the as-solidified (processed) samples estimated from EDS is between 22 and 25 at.% while that estimated using electron probe micro analysis (EPMA) is 23.9 at.%. The loss of Ge as compared to the nominal composition of 25 at.% chosen for sample preparation is attributed to the arc melting process followed by preferential evaporation loss of Ge during levitation. For the growth rate analysis, we have chosen to compute for both the compositions of 22 at.% Ge as well as 25 at.% Ge to determine the error.
Growth rate analysis
Dendrite growth rate analysis has been carried out using the BCT theory [15] . The bulk undercooling expressed in terms of fractional undercoolings is taken as The thermal undercooling is given by DT T = T Q Iv(P t ) where T Q is the hypercooling, Iv(P t ) is the Ivantsov function and P t = rv/2a is thermal Peclet number. The solutal undercooling is taken as
where m 0 is the liquidus slope, x L is the composition of liquid, k e is the equilibrium partition coefficient, P c = rv/ 2D is solutal Peclet number. The effective partition coef-
, v is the velocity of the interface and v D is the interface diffusive velocity [16] . DT R is the curvature undercooling given by 2T M C/r, T M is liquidus temperature, C is the Gibbs-Thomson coefficient, r is the dendrite tip radius given by marginal stability criterion as
The stability functions are taken as neously to obtain the growth rate as a function of undercooling. The parameters used are given in Table  1 . Where the data is not available, we have estimated the values from corresponding parameters of the pure components [17] . Such an approximation seems reasonable as the primary phase a 2 for which the growth rate is analyzed, is a solid solution of Fe. The results are plotted in Fig. 8 .
As can be noted, the assumption of collision limited growth (Eq. (5)) leads to growth rates significantly higher than the experimentally observed ones. Sluggish growth of ordered intermetallic phases has been observed in several other systems and has been attributed to slower interface attachment kinetics [18, 19] . Aziz and Boettinger [18] proposed an expression for interface sluggishness as a function of several thermodynamic parameters apart from v s and v D . Several studies [20] [21] [22] have shown that a reduced value of the kinetic coefficient l (obtained by replacing v s with v D in Eq. (5)) is able to fit the computed growth rate to the experimental data closely. The two dashed curves shown for Fe-22 at.% Ge and Fe-25 at.% Ge lie closely and envelope the experimental data within the estimated error limits. In the present case, no single value of l is able to describe the complete experimental data set satisfactorily. Due to the lack of thermodynamic data for this system, we have assumed the kinetic coefficient to be a simple linear function of temperature for this purpose. We were able to fit the computed growth rate to the experimental data when we choose l to be small and a function of temperature given by l = 0.005[1 + 0.02DT]. The function used corresponds to the effective value of v D in Eq. (5) ranging from 5 to 15 m s À1 . Fig. 9 shows the dendrite tip radius, effective partition coefficient, solid and liquid compositions at the tip and partial undercoolings computed as a function of bulk undercooling for the nominal composition of the alloy. As shown in Fig. 9(b) and (c), the increase in the effective partition coefficient by the solute trapping process leads to super-saturation of primary a 2 phase with the composition the same as that of the final e phase.
As can be noted from Fig. 9(d) , at smaller undercoolings the dendrite growth mechanism is controlled predominantly by solute diffusion. The solutal undercooling is more than 75% of the bulk undercooling. However, at DT > 110 K, the kinetic contribution to the bulk undercooling becomes comparable to the solutal contribution (50%). Thus, the sharp rise in growth rate at DT > 110 K corresponds to a change in the dendrite growth mechanism from purely solutal to solutal + kinetic controlled. At large undercoolings, the kinetic undercooling is nearly half of the bulk undercooling, implying that interface attachment kinetics play an important role in determining the dendrite growth rate. Such a large contribution of kinetic undercooling or a small kinetic coefficient is a signature of diffusion controlled growth which is sluggish due to chemical ordering required during the interface attachment process. This is in agreement with the residual primary phase analyzed using TEM being ordered a 2 (B2) phase.
Phase pure microstructure at high undercoolings
The microstructure of samples solidified at undercoolings larger than 110 K show nearly phase-pure e. The negligible amount of residual a 2 phase and progressive disappearance of inter-dendritic eutectic phase in these samples indicate that for samples solidified at undercoolings larger than DT > 110 K there are three possible solidification paths. The first possibility is that the e phase nucleated directly from the undercooled melt and grew to form the final microstructure. This is ruled out as the in situ diffraction shows clearly that at all the undercoolings (up to 190 K) the primary phase to nucleate is a 2 .
The second possibility is that the peritectic reaction proceeded to completion. Since the peritectic reaction involves diffusion of solute through the solid phase, one may estimate the width of the primary solid phase after coarsening and compare it with the diffusion length to consider this possibility. The following simplified expression taken from Kirkwood [23] is shown (e.g., by Chen and Kattamis [24] ) to provide a reasonable estimate of secondary arm spacing (k f ) during solidification.
The value of the secondary spacing according to the expression depends crucially on the time of solidification t f . The secondary arms evolve for a long time after the primary stem has grown. Thus, the time t f for estimating the secondary spacing should realistically be close to the 
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plateau duration (t p as indicated in Fig. 2 ). This results in the lower limit of time available for coarsening to be 10 s. Using this as t f the estimation yields a secondary arm spacing of 23 lm. This value is close to the observed values from the microstructures. Taking the diffusivity of Ge in body-centered cubic (bcc) Fe at 1435 as 7.033 · 10 À13 m 2 s À1 [17] , and the maximum time duration between first appearance of e phase till complete disappearance of a phase to be about 10 s, leads to a diffusion distance of 2.6 lm. Thus, the diffusion distance in solute is much smaller than secondary arm spacing suggesting that the peritectic reaction limited by solute diffusion in solid phase is not likely to go to completion.
A third possibility is that the peritectic reaction is suppressed and the formation of e phase is by a fast solid-state transformation from a 2 . Though direct evidence is difficult to obtain in the present case, the following arguments point towards this possibility. Growth rate analysis shows that at high undercoolings the primary phase a 2 solidifies at a composition nearly the same as that of e due to solute trapping (Fig. 9(c) ) thus requires no diffusion for a solid-state transformation. The disappearance of inter-dendritic eutectic is also a consequence of reduced partitioning. Transformations such as bcc ! hcp (hcp, hexagonal close-packed) are frequently observed and are usually massive/martensitic in nature [25] . The fine anti-phase domains in e phase ( Fig. 5(d) ) indicate that such a solid state transformation from a 2 could be to an initially disordered form (hcp) of e phase that later orders to DO 19 . Within the scope of present analysis, we suggest that at high undercoolings peritectic reaction is suppressed and e phase forms via a solid state transformation.
Conclusions
Solidification of peritectic Fe-Ge alloys as a function of undercooling is studied using electromagnetic levitation technique with the following conclusions.
1. In situ diffraction indicates that direct nucleation of the peritectic phase from the undercooled liquid has not taken place. The primary phase to nucleate is always the ordered phase a 2 . 2. Growth rate of the primary phase is sluggish up to 110 K and then increases sharply. The growth kinetics are explained within the scope of BCT theory using a low kinetic coefficient that increases linearly with undercooling. 3. The predominant phase in the final microstructure is the e phase which is metastable at room temperature. Samples solidified at high undercoolings ()110 K) showed nearly phase-pure microstructure. 4. Peritectic reaction is suppressed and the final phase e is suggested to have formed from primary a 2 phase via a solid state transformation.
